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Abstract 8 
The bio-inertness of titanium and its alloys attracts their use as bone implants. However a bioactive coating is 9 
usually necessary for improving the bone bonding of such implants. In this study, electrophoretic deposition 10 
(EPD) of hydroxyapatite (HA) powder on titanium plate was performed using butanol as solvent under direct 11 
current (DC) and alternating current (AC) fields. The zeta potential of the suspensions was measured to 12 
understand their stability and the charge on the particles. Coating thickness was varied by adjusting the voltage 13 
and time of deposition. Surface morphology and cross section thickness were studied using scanning electron 14 
microscopy and image analysis software. Surface crack density was calculated from the micrographs. The 15 
results showed that the samples of similar thickness have higher grain density when coated using AC as 16 
compared to DC EPD. This facile but novel test proves the capability of AC-EPD to attain denser and uniform HA 17 
coatings from non-aqueous medium. 18 
Keywords: Electrophoretic deposition; alternating current; hydroxyapatite; titanium; biomedical coatings 19 
1. Introduction 20 
Electrophoretic deposition (EPD) is widely used as an easy and cost effective technique for a variety 21 
of coating applications.[1-5] One of the interesting applications include surface modification of metallic 22 
bone implant materials. Coating of these implants using biocompatible calcium phosphate (CaP) 23 
simultaneously improves the bioactivity and reduces the potentially harmful metal ions release.[6-8] 24 
Other industrially applied CaP coating techniques include plasma spraying deposition, electrostatic 25 
spray deposition and pulsed laser deposition.[9] However, EPD has some advantages over reported 26 
techniques as it operates at ambient temperature, is comparatively cheap and has a potential to coat 27 
the interior of porous materials (e.g. tissue scaffolds). 28 
Direct current-EPD (DC-EPD) and alternating current-EPD (AC-EPD) are methods in which the applied 29 
voltage is supplied from a DC field or an AC field, respectively. For DC-EPD technique, the deposition 30 
of charged particles occurs in suspension to the oppositely charged electrode, under the influence of 31 
constant electric field. In AC-EPD technique, the direction of electric field is reversed periodically.[10-32 
12] This accounts for oscillation and migration of powder particles in the suspension between 33 
electrodes. This oscillating migration is dependent on the frequency and asymmetry of the wave 34 
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applied.[13] Stability of suspension and charge of the particles dispersed are two important criteria for 35 
EPD in general. These are mutually related since the charge on the particles increases the stability of 36 
suspensions due to electrostatic interactions. 37 
This paper illustrates a comparative study between the AC-EPD and DC-EPD of hydroxyapatite (HA) 38 
on titanium (Ti) plates with butanol as the suspending medium. HA is a well accepted biocompatible 39 
phase of CaP. Water is not preferred as a medium of dispersion for HA, as the stability of the 40 
suspension is poor without the help of dispersants and results in immediate sedimentation. Butanol 41 
on the other hand provides sufficient stability for HA suspension during the EPD process. Butanol was 42 
preferred over ethanol in order to lower the evaporation rate which subsequently reduces cracking 43 
during drying of HA deposits. Deposited layers were then sintered in order to obtain sufficient 44 
adhesion with the substrate. They were further characterized using X-ray diffraction (XRD) analysis 45 
and scanning electron microscopy (SEM). Micrographs are analyzed to estimate the surface crack 46 
density and deposition density (based on the pore area percentage of the cross-section). The 47 
possible coating mechanism for HA in both techniques has been discussed from the morphology of 48 
surface and cross-section. 49 
2. Materials and Methods 50 
Commercially available Ti plates (thickness = 0.6 mm) were cut to 10 X 30 mm substrate and used as 51 
both working and counter electrodes. These substrates were cleaned with ethanol, acetone and high 52 
purity water in an ultrasonic bath (25 KHz, 100 % sweep; Elma, Fischer Bioblock Scientific) for 5 min 53 
each. After the cleaning process, the plates were immersed in pure butanol until further use. A 5 % 54 
(wt/wt) suspension was prepared from commercially available HA powder (Merck, Complexometric 55 
assay > 90 %) mixed with extra pure butanol (≥ 99 %). The suspension was ultrasonicated (40 sec at 56 
75 % amplitude using 13 mm ultrasonic horn, 400 W power; Hielscher UP400S) prior to deposition 57 
for homogenization and stirred using a magnet at 200 rpm until use. The distance between the 58 
electrodes was kept constant at 10 mm. AC signal used was square type with an asymmetry factor 4, 59 
attained through a programmable function generator (HP 3314A). The frequency of the signal was 60 
1000 Hz. A description of samples and the deposition parameters used are given in table 1. 61 
Table 1 Voltages and times of deposition used in this study and the corresponding samples names 62 
Method Voltage (V) Time (sec) Sample name 
DC-EPD 220 
260 
300 
340 
10 
10 
10 
10 
DC-EPD-1 
DC-EPD-2 
DC-EPD-3 
DC-EPD-4 
AC-EPD 100 30 AC-EPD-1 
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150 
100 
30 
60 
AC-EPD-2 
AC-EPD-3 
 63 
Zeta potential measurements were carried out using zeta probe DT1200 (Dispersion Technologies 64 
Inc.) with 5 % (wt/wt) suspensions of hydroxyapatite (HA) prepared in pure butanol and kept under 65 
stirring conditions. Calculated zeta potential is the average of 15 values measured at 3 different 66 
depths within the suspension. Prior to zeta potential measurement, the suspension was 67 
ultrasonicated as described above. Coated substrates were sintered (Gero Hochtemperaturöfen 68 
GmbH, Germany) at 900 °C for 2 h in high purity argon atmosphere. The heating cycle included a 69 
gradual rise in temperature at a rate of 1 °C min-1 until 200 °C (10 min) followed by 5 °C min-1 until 70 
900 °C. The lower heating rate up to 200 °C was used to minimize the solvent evaporation and hence 71 
reduce the cracking. Cooling rate was fixed at 5 °C min-1. This sintering temperature was selected 72 
from various observations reported in literature.[14-16] Sintering temperature for full densification of 73 
commercial HA (>1000 °C) was compromised for reducing the ion migration from Ti substrate which 74 
leads to the decomposition of HA phase. This study focuses mainly on the deposition methods to 75 
assess the effect of applied fields (AC or DC) on the density and cracking behavior of deposited layer. 76 
Selected samples were surface characterized using X-ray diffractometer (X’pert Pro, PANalytical) 77 
after sintering and compared with the spectrum of substrate plate. Cross-sections of samples were 78 
prepared for coating thickness measurements, after embedding these samples in epoxy resin. 79 
Surface morphology and cross-sections of the coated samples were procured using field emission 80 
scanning electron microscope (FESEM; JSM-6340F, Jeol). Thickness of the coating was calculated 81 
using image processing software Gwyddion (version 2.28), as an average of 30 measurements from 3 82 
different areas captured. The percentage area of surface cracks and percentage pore area along the 83 
thickness of the coatings were calculated using ImageJ software (version 1.46). For crack area 84 
percentage, a Gaussian blur was applied before applying an automatic MaxEntropy threshold[17] and 85 
was calculated from the ratio between the black pixels and the total pixels in the image. The results 86 
calculated from three micrographs were averaged. For percentage pore area calculation using 87 
ImageJ, a rectangular area was selected on the HA region of selected micrographs. Threshold value 88 
was adjusted to best fit during particle area calculation. The pores are considered as particles here 89 
and the resulting area percentage was calculated from the area of pores detected within the 90 
selection. 91 
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3. Results and Discussion 92 
The zeta potential of HA-Butanol suspension was  57.4 ± 0.4 mV (mean ± standard deviation). The 93 
suspension showed no signs of particle sedimentation (visual observation) for at least 24 h. The XRD 94 
pattern (figure 1) of sintered coating revealed HA as the major crystalline phase and tricalcium 95 
phosphate (TCP) as a minor phase. This  decomposition of HA during sintering is reported to be 96 
caused by the partial dehydration mechanism or by metal ion exchange at the interface during the 97 
sintering temperature.[14, 16, 18-20] Rutile phase (TiO2) was also observed in the sintered samples. 98 
However, no major peaks of rutile phase were observed in the XRD spectrum of substrate plate 99 
(figure A.1). Since the sintering was performed under Ar atmosphere, this eliminates the possibility of 100 
surface oxidation due to sintering atmosphere. However the TCP phase observed in figure 1 possibly 101 
indicates that the ion migration during sintering facilitates the formation of rutile phase at the HA-Ti 102 
interface. This is in concordance with the findings of Wei et al.[15] 103 
 104 
Fig. 1 XRD spectrum of sintered HA coating on Ti plate 105 
3.1. SEM analyses 106 
3.1.1. DC-EPD 107 
In order to produce samples with increasing coating thickness, the voltage was increased from 220 V 108 
to 340 V. The time of deposition was 10 sec in all cases (table 2). The deposition started only from 109 
220 V which could be due to the relatively lower electrophoretic mobility of the particles. Figure 2 110 
presents the evolution of surface (a, b, d, e, g, h, j, k) and cross-section (c, f, i, l) morphologies of DC-111 
EPD coatings with increasing voltage. Cracking was observed in all samples after sintering, which can 112 
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be attributed to the difference in thermal expansion coefficients of the materials in contact.[15, 18, 21] 113 
The cross-section micrographs show that the coating near the Ti substrate is composed of smaller 114 
sized particles, which are well packed leading to a denser coating. Further away from the interface, 115 
the coating is formed by larger HA particles and becomes more porous. 116 
DC-EPD-1 117 
  118 
DC-EPD-2 119 
  120 
DC-EPD-3 121 
  122 
DC-EPD-4 123 
  124 
Fig. 2 Scanning electron micrographs of surface and cross-section morphologies of different DC-EPD coatings. 125 
The scale bars are (a, d, g, j) 100 µm and (b, c, e, f, g, i, k, l) 10 µm respectively 126 
The cross-section micrographs show that the coating thickness increased with an increase in applied 127 
voltage. These thickness values are shown in table 2. The minimum voltage used (220 V) for 128 
a b c 
d e f 
g h i 
j k l 
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deposition resulted in a HA coating thickness of 25 ± 2 µm. An effective voltage increase of 40 V  129 
almost doubled the thickness. The rate of deposition reduced further with an increase in applied 130 
voltage. 131 
An area percentage calculation was performed on surface micrographs in order to understand the 132 
evolution of surface crack density. These results are shown in table 2. The values show that the 133 
percentages of cracks observed on the DC-EPD samples are similar irrespective of the variation in 134 
deposition parameters. 135 
Table 2 Deposition parameters, thicknesses  and calculated crack densities of DC-EPD samples 136 
Sample name Voltage 
(V) 
Time of coating 
(sec) 
Avg. thickness 
(µm) 
Std. dev. 
(µm) 
Avg. crack 
area (%) 
Std. dev. 
DC-EPD-1 220 10 25 2 36 4 
DC-EPD-2 260 10 49 2 34 4 
DC-EPD-3 300 10 59 3 34 5 
DC-EPD-4 340 10 65 3 32 6 
3.1.2. AC-EPD 137 
In order to produce samples with a similar coating thickness to that of DC-EPD coated samples, three 138 
different voltage-time combinations were applied. These parameters are shown in table 3. Figure 3 139 
shows the scanning electron micrographs of sintered coatings prepared by AC-EPD technique. The 140 
surface morphologies (a, b, d, e, g, h) show a different cracking behavior as compared to the DC-EPD 141 
samples. For AC-EPD-1, cracks are minimal as compared to any other samples in this study. However 142 
larger cracks were observed more with increasing coating thickness (AC-EPD-2 and AC-EPD-3). 143 
AC-EPD-1 144 
  145 
AC-EPD-2 146 
  147 
AC-EPD-3 148 
a b c 
d e f 
This is a non-peer reviewed version of the article in J Eur Ceram Soc press. Please cite this work as: Ozhukil Kollath V, et al. 
AC vs. DC electrophoretic deposition of hydroxyapatite on titanium. J Eur Ceram Soc (2013), 
http://dx.doi.org/10.1016/j.jeurceramsoc.2013.04.030 
7 
 
  149 
Fig. 3 Scanning electron micrographs of surface and cross-section morphologies of different AC-EPD coatings. 150 
The scale bars are (a, d, g) 100 µm and (b, c, e, f, h, i) 10 µm respectively 151 
The thickness values are shown in table 3. There is a sharp increase in thickness of the coatings after 152 
an effective voltage increase of 50 V (AC-EPD-2) or time of 30 sec (AC-EPD-3). The area percentages 153 
of cracks are also shown in table 3. As in the case of DC-EPD, the deposition parameters in AC-EPD 154 
did not change the crack density in a significant manner. 155 
Table 3 Deposition parameters, thicknesses and calculated crack densities of AC-EPD samples 156 
Sample 
name 
Voltage 
(V) 
Time of coating 
(sec) 
Avg. thickness 
(µm) 
Std. dev. 
(µm) 
Avg. crack 
area (%) 
Std. dev. 
AC-EPD-1 100 30 5 0.5 12 3 
AC-EPD-2 150 30 20 2 14 2 
AC-EPD-3 100 60 22 3 8 2 
Crack density results shown in table 2 and 3 reveals that the percentage area of surface cracks in case 157 
of AC-EPD samples are 20-28 % lower than that of DC-EPD samples. Irrespective of the deposition 158 
parameters, the percentage of cracks were similar within the technique used, which indicates that 159 
the cracking phenomenon is related to the particle packing and sintering conditions than to the 160 
deposition parameters.  161 
3.1.3 Porosity calculation 162 
The porosity in the HA coating was measured using image analysis on the cross-section micrographs. 163 
To compare the difference in AC and DC coated samples, the samples with similar coating thickness 164 
(DC-EPD-1, AC-EPD-3) were selected. The method used was similar to the one described earlier for 165 
surface crack area determination. But in this case the ratio between dark and light pixels was 166 
calculated after manual thresholding of the selected area. The porosity calculated was 24 % and 11 % 167 
respectively for DC-EPD-1 and AC-EPD-3. Thus AC-EPD coated sample is denser which indicates a 168 
better packing mechanism in case of AC-EPD method. 169 
3.2 Comparison 170 
In order to understand the deposition mechanism, samples with similar thickness (AC-EPD-3 and DC-171 
EPD-1) were selected . The cross-section micrographs show a more densely packed coating for AC-172 
EPD-3. The area percentage of surface cracks in case of AC-EPD-3 was 8 ± 2 % whereas this value was 173 
36 ± 4 % for DC-EPD-1. These cracks are commonly attributed to the difference in thermal expansion 174 
g h i 
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coefficients of the materials in contact which leads to thermal stress during the sintering cycle.[15, 18, 175 
22] The difference in thermal expansion coefficients results in different expansion and shrinkage rates 176 
of coating and substrate during the firing and cooling steps of sintering. This leads to thermal stress 177 
especially at the interface between the coating and substrate. The rutile phase created during the 178 
sintering process could also contribute to the thermal stress due to its lower thermal expansion 179 
coefficient as compared to HA.[23] Additionally, cracking mechanism could be supported by irregular 180 
packing of coating during deposition. 181 
  182 
Fig. 4 Comparison of coating cross sections obtained by AC and DC methods 183 
The commercial powder used in this study has a relatively broad particle size distribution (figure A.2). 184 
The cross-section image of AC-EPD-3 (figure 4) shows a densely packed coating which is mainly 185 
composed of small and medium sized particles. On the other hand more particles of larger size were 186 
visible in the case of DC-EPD-1 cross-section (figure 4). The presence of larger particles was more 187 
notable in case of thicker coatings obtained via DC-EPD (figure 2l). This observation indicates the 188 
possible mechanism happening in either case. During AC-EPD, the particles are experiencing an 189 
oscillation according to the applied signal (illustrated in figure 5a). The asymmetry of the wave causes 190 
the migration of particles to the Ti substrate. It was observed that applying a symmetric AC signal to 191 
the suspension did not result in a deposition, which has also been previously reported.[13] Thus the 192 
asymmetry value is important in case of AC-EPD. At relatively high frequencies, the migration 193 
probability of smaller particles are higher and hence a better control of the particle size to be coated 194 
is possible. This results in a coating which is composed of small and medium sized particles because 195 
the migration range of larger particles will be restricted according to the frequency of signal. Due to 196 
the oscillation-migration mechanism, there is also a possibility of rearrangement within the 197 
deposited particles. This will create a better packing of the particles that leads to a denser coating. 198 
For DC-EPD, the particle movement is controlled by a constant electric field. In this case also the 199 
smaller particles migrate faster than the larger particles. Since there is no oscillation occurring, all 200 
AC-EPD-3 DC-EPD-1 
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particles could reach the substrate creating a gradient of smaller to larger particle size (figure 5b). 201 
The shrinkage of the larger particles deposited on the outer limits of the coating will result in cracking 202 
between the loosely bound agglomerates. This type of cracking might be the reason for higher 203 
porosity observed in case of DC-EPD coated sample. Either techniques might produce denser and 204 
crack free coatings if a powder with narrow particle size distribution is used. Otherwise a multiple 205 
coating technique may give rise to more homogeneous coatings as recently reported by Qiang et al. 206 
[24] However the advantage of AC-EPD is in producing relatively thick (up to 25 µm in this study) 207 
coatings with higher density and lower number of cracks from a powder of broad particle size 208 
distribution. 209 
  
Fig. 5 Suggested particle movement pattern during EPD from (a) AC and (b) DC fields (CE – Counter electrode, 210 
WE – Working electrode). An oscillating migration is predicted under AC field resulting in a better packing 211 
where as DC field results in a gradient of smaller to larger particle size. See text in § 3.2 for more details 212 
3.3. Conclusions 213 
This study compared EPD carried out under AC and DC field conditions. The results showed that  AC-214 
EPD method leads to denser and less cracked coatings as compared to DC-EPD at similar thickness. 215 
AC-EPD is advantageous for depositing powders with broad particle size distribution as this technique 216 
can control the particle migration according to the wave asymmetry and frequency. Fine tuning the 217 
asymmetry of AC wave as well as the frequency can further improve the coating characteristics, 218 
which will be included in our subsequent study. A powder selection with narrower size distribution 219 
profile might increase the packing density of the coatings and the advantage of AC-EPD in such a 220 
system is also an interesting case study for future investigations. 221 
 222 
(a) (b) 
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Appendix A 278 
 279 
Fig. A1 XRD spectrum of Ti substrate 280 
 281 
Fig. A2 Particle size distribution of HA used in this study 282 
